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Abstract 
The passivation mechanisms and qualities of Al2O3, SiNx, SiO2 and a-Si:H(i) on p- and n-type silicon are investigated 
by quasi-steady-state photoluminescence measurements. This technique allows effective lifetime measurements in an 
extremely large injection range between 1010 cm-3 and 1017 cm-3. The measurements are discussed focusing on 
injections below 1012 cm-3 in order to determine the most effective passivation layer for solar cells arranged for 
indoor applications. Fixed negative charges in the passivation layer cause field-effect passivation due to band bending 
leading to either accumulation or inversion at the passivation layer / silicon interface. Accumulation causes a stable 
passivation quality at low level injection. Inversion leads to effective lifetime losses similar to the losses in the space 
charge region. On p-type silicon the most effective surface passivation at low injections is provided by Al2O3 or a-
Si:H(i). The n-type silicon samples passivated with a-Si:H(i) show the best effective lifetimes. SiNx and SiO2 show 
lifetimes one order of magnitude below a-Si:H(i). Al2O3 on n-type is the most effective passivation at high injections 
around 1015 cm-3. Due to inversion losses at low level injections the passivation quality decreases more than two 
orders of magnitude for injections around 1010 cm-3. 
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientific 
committee of the SiliconPV 2012 conference 
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1. Introduction 
Today, photovoltaic devices are mainly optimized for outdoor conditions with respect to the AM 1.5 
spectrum at one sun illumination intensity. For emerging indoor applications in sensor technology, 
however, it is necessary to optimize the solar cell performance with respect to different spectra and for 
low light intensities between 10-4 suns and 10-2 suns. While the absorption spectrum is given by the band 
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gap of crystalline silicon (Si), a tunable aspect with significant influence on the efficiency is the 
passivation of the solar cells’ surfaces. The effect of surface passivation is based on two main 
mechanisms: the reduction of interface trap densities, e.g. by saturation of dangling bonds, and the field-
effect passivation. The latter mechanism is caused by fixed positive or negative charges. Glunz et al. have 
investigated the field-effect passivation by using corona charges at the SiO2/Si surface. They have shown 
that the surface recombination velocity Seff can be reduced by high charge densities on p-type silicon and 
presented a model to describe this dependency by including effects similar to recombination losses in the 
space charge region [1]. Dauwe et al. have introduced a model describing the injection level dependence 
of Seff at the SiNx/Si surface [2]. They have shown that Seff at the SiNx/Si surface of p-type silicon at low 
injections of 1014 cm-3 to 1012 cm-3 is mainly determined by recombination in the space charge region. In 
contrast, the passivation by negative fixed charges within Al2O3 has been regarded as an ideal passivation 
for undiffused p- and n-type silicon by Schmidt et al. [3]. The difference in injection level dependence of 
SiNx and Al2O3 has recently been explained by differences in the surface damage by Steingrube et al. [4], 
[5].  
In our paper, the injection dependence of four different surface passivation layers on both, p- and 
n-type Si wafers are discussed and effective lifetime measurements in an even wider range (from 
8×1016 cm-3 down to 1010 cm-3) are presented. The results are discussed with the focus on passivation 
quality at low level injection. 
2. Theoretical considerations 
The mechanism of field-effect passivation for crystalline Si depends on the ratio of the polarity of the 
fixed charges to the doping type of the base material. This ratio influences the formation of the band 
bending at the interface between passivation layer and Si surface. In Fig. 1 the band bending in case of 
fixed negative charges is schematically shown for both p- and n-type Si base material.  
In case of fixed negative charges on p-type Si the conduction and valence band are bent to higher 
energies. Generated holes are therefore moving towards the interface, inducing accumulation. In case of 
fixed negative charges on n-type Si the bands are bent to higher energies and generated holes move 
towards the interface leading to inversion at the passivation / Si bulk interface in this case. These two 
different effects of band bending influence the effective lifetime Weff of the sample.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Field-effect passivation with fixed negative charges leading to (a) accumulation on p-type Si or (b) inversion on n-type Si. 
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The accumulation at the interface leads to an injection independent passivation quality. In this case, the 
effective lifetime is only limited by Auger recombination for high injection levels. Fig. 2(a) shows the 
calculated behavior of a sample passivated by accumulation. The Auger recombination is calculated as 
presented in [6]. In case of inversion additional losses similar to the recombination losses in the space 
charge region occur. These losses can be calculated as surface recombination velocity SJ02 [1] to  
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Here J02 is the diode saturation current density, q the elementary charge, 'n the excess carrier density, 
n0p the equilibrium minority carrier concentration and m the ideality factor. With the wafer thickness W 
and equation (2) [7] the inversion limited lifetime WJ02 can be calculated with equation (3). 
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In Fig. 2.(b) the calculated effective lifetime limited by Auger recombination at high 'n values and by 
inversion at low 'n values is shown. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Calculated effective lifetimes in case of (a) accumulation or (b) inversion at the interface of passivation layer and Si. 
This considerations lead to the assumption that a surface passivation providing accumulation is more 
effective than a passivation providing inversion, especially at low level injections. This is examined with 
measurements in the following subsections.  
3. Investigated passivation layers 
We fabricated symmetric lifetime test samples on shiny-etched (i) 250 μm thick 1 -doped 
p-type float-zone (FZ) Si and (ii) 200 μm thick 1 -doped n-type FZ Si wafers. 
a) 
(
)
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The front and rear wafer surfaces have been symmetrically passivated using four different passivation 
layers:  
x Thermally grown SiO2 with a thickness of 105 nm 
x Plasma-enhanced-chemical-vapor-deposited (PECVD) SiNx with a thickness of approx. 70 – 80 nm 
x Atomic-layer-deposited (ALD) Al2O3 with a thickness of 20 nm and a capping of 100 nm thick 
PECVD SiOx  
x PECVD a-Si:H(i) with a thickness of 25 nm 
The injection-dependent effective lifetimes Weff have been measured by quasi-steady-state 
photoluminescence (QSSPL) [8], [9] at injection levels between 1×1010 cm-3 and 8×1016 cm-3, 
corresponding to an intensity range of 10-4 suns to 10 suns. For such low injections, the QSSPL is 
superior to the QSSPC method, because it is unaffected by minority carrier trapping effects [10]. 
Therefore, QSSPL offers a reliable measurement of Weff even towards low level injections down to 
1×1010 cm-3. 
The used QSSPL setup contains a 790 nm diode laser for illumination and a silicon photodiode on the 
opposite side of the sample to detect the emitted photoluminescence signal [11]. 
4. Quasi-steady-state lifetime measurements and discussion 
The results of the QSSPL measurements are shown in Fig. 1 on p-type Si (a) and on n-type Si (b). The 
effective lifetimes of the Al2O3-passivated samples are similar to the calculated behavior in Fig. 2. This is 
caused by the fixed negative charges at the interface of passivation layer and p- and n-type Si leading to 
accumulation and inversion, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. QSSPL measurements on (a) p-type and (b) n-type FZ Si with four different passivation layers. 
In case of SiNx the passivation is caused by fixed positive charges leading to a field-effect passivation 
with accumulation on n-type and inversion on p-type Si. 
The passivation quality of SiO2 is mainly given by reducing the density of interface traps Dit and a 
weak influence of some fixed positive charges. The QSSPL measurements of SiO2 on both n- and p-type 
Si show similar behaviors to SiNx due to the influence of the positive charges at the interface. 
The passivation mechanisms of a-Si:H(i) are reduction of Dit and field-effect passivation. The latter 
effect is caused by induction of positive charges because of the amphoteric nature of silicon dangling 
bonds that act as recombination centers [12]. On n-type Si the effective lifetimes show the typical 
behavior for accumulation. On p-type Si inversion leads to lifetime losses towards low level injection, but 
s)
a) b) 
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these losses are limited below an injection of 1012 cm-3. Olibet et al. explained this behavior with the 
reduction of recombination centers with decreasing excess carrier density.  
5. Conclusion 
In order to determine the most effective surface passivation layer for solar cells provided for indoor 
applications, measured QSSPL lifetimes are discussed with focus on injections below 1012 cm-3. 
For indoor solar cells on p-type Si material, the highest Weff values are achieved using Al2O3. The 
passivation quality is stable over a wide injection range between 1011 cm-3 and 1015 cm-3 and only limited 
by Auger recombination at high injections. The difference in passivation quality compared to other 
passivation layers is most dominant at indoor injection levels. In this range the effective lifetimes of 
a-Si:H(i)-passivated samples are one order of magnitude below the effective lifetimes shown by the 
Al2O3-passivated samples. The samples with SiNx or SiO2 passivation layers, respectively, show effective 
lifetimes of less than two orders of magnitude compared to Al2O3.  
On n-type Si the best effective lifetimes are attained by applying a-Si:H(i). Similar to Al2O3 on p-type, 
the a-Si:H(i) layer gains high passivation quality because of accumulation. This effect is supported by 
reduction of Dit. Other promising passivation layers for indoor injections are SiNx or SiO2. The advantage 
of these layers over a-Si:H(i) is founded in their high temperature stability. Even though Al2O3 achieves 
very high effective lifetimes at injections around 1015 cm-3 this passivation layer is not suitable for indoor 
applications. The losses caused by inversion lead to low effective lifetimes at injections below 1012 cm-3. 
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